Abstract: Thin Au films (~5nm) are known to form island-like structures with small gaps between the islands, which produce intense electric field "hot spots" under visible illumination. In this work, we perform finite difference time domain (FDTD) simulations based on experimentally observed high resolution transmission electron microscope (HRTEM) images of these films in order to study the nature of the "hot spots" in more detail. Specifically, we study the dependence of the electric field intensity in the hot spots on the surrounding film environment and on the size of the nanogaps. From our simulations, we show that the surrounding film contributes significantly to the electric field intensity at the hot spot by focusing energy to it. Widening of the gap size causes a decrease in the intensity at the hot spot. However, these island-like nanoparticle hot spots are far less sensitive to gap size than nanoparticle dimer geometries, studied previously. In fact, the main factor in determining the hot spot intensity is the focusing effect of the surrounding nano-islands. We show that these random Au island films outperform more sophisticated geometries of spherical nanoparticle clusters that have been optimized using an iterative optimization algorithm. 
Introduction
It is well known that thin films (~ 5nm) of noble metals such as Au and Ag exhibit a strong plasmonic response under visible illumination due to their discontinuous nature. These thin plasmonic films have been used in surface enhanced Raman spectroscopy (SERS) [1,2], plasmon-enhanced photocatalysis [3] [4] [5] , and sensing applications [6] [7] [8] . Van Duyne et al. showed that the island-like structure of these films facilitates large enhancement in electric fields [9] . Royer et al. studied the structure of 5nm thick Au and Ag films using scanning electron microscope (SEM) and approximated the shape of the film islands using oblate spheroids in order to perform theoretical calculations [10] . These island-like structures create localized "hot spot" regions, in which the local electric field intensity can be enhanced by several orders of magnitude [11] . The Purdue group has studied these hot spot thin films both theoretically [11] [12] [13] and experimentally [14, 15] . The general consensus is that these hot spots tend to form in regions where the neighboring islands are nearly touching, allowing for maximum plasmonic coupling. This has been observed in the case of nanoparticle dimers as well [16] [17] [18] [19] . We believe that the electric field enhancement in these hot spots, apart from being dependent on the gap size between the islands, is also influenced by the surrounding nanoparticles in the film. In this paper, we study the effect of the surrounding environment on the local electric field at the hot spot. Specifically, we determine how much of the electric field at the hot spot is contributed by the focusing effect of the surrounding film. To achieve this, we performed finite difference time domain (FDTD) simulations [20] of several hot spots based on experimentally measured high resolution transmission electron microscope (HRTEM) images of 5nm Au films and systematically varied the nano-island and gap size.
Simulation details
Au films were deposited on 100nm thick SiN membranes by electron-beam evaporation to achieve a nominal thickness of 5nm, as determined by a quartz crystal oscillator thickness monitor. HRTEM images were taken in a JEOL JEM-2100F advanced field emission transmission electron microscope, which provides high contrast images of the Au island films with <2Å resolution. These images were then used to define the spatial extent of the Au islands in the electromagnetic simulations. The thickness of the Au islands for the simulations was chosen to be 5nm. We neglected the surface roughness of the film, as the significant electric fields are present in the gaps between the islands and not on the surface of the islands. around the film. 100,000 discrete time steps with a temporal grid spacing of 0.002 fsec were used in these calculations. A normal incidence, Gaussian pulse planewave source was used in the simulations with a broad spectrum of wavelengths ranging from 500nm to 1100nm. Perfectly matched layers (PML) were used as boundary conditions with 64 layers. The dielectric function of Au was a Lorentz-Drude model fitted to the optical data given by Palik and Ghosh. A uniform mesh was used over the entire simulation volume [21] .
Results and discussion
Figure 1(a) shows a high resolution TEM image of a 5nm nominal Au film centered on a hot spot. Figure 1 (b) shows the simulated electric field profile of the selected region. We performed several simulations on this hot spot, selectively removing the metal material around the hot spot and replacing it by vacuum. This scheme is illustrated more clearly in Fig.  2 . The black squares of area (d x d) in Fig. 1(a) show the different film regions used in these simulations. We, thus, limit the total size of the film to an area of (d x d), while keeping the simulation area and mesh constant, to avoid any unphysical factors that may influence the results of the simulation. The electric field intensity at the centermost hot spot, I, was calculated by integrating the square of the electric field intensity over a 10 x 10 x 15nm 3 volume centered on the hot spot region and over all wavelengths. The integral in the zdimension is centered on the Au-SiN interface. Thus, I is calculated as The electric field intensity integrated over a small volume provides a more reliable value than the intensity at a point, by minimizing the effects that may arise due to sharp features artificially created by the spatial discretization. The hot spot intensity calculated in this manner is plotted as a function of plasmonic film area in Fig. 1(c) . In this plot, the intensity increases with area initially, but drops beyond 6400nm 2 (i.e., 80nm x 80nm). The surrounding film is, therefore contributing energy to the local hot spot causing this initially increasing trend. It should be noted that the integrated intensity, I, is different than the electric field intensity shown in Fig. 1(b) .
Similar results were observed for several such hot spots. In order to fully understand the drop in intensity for larger areas, we plot the electric field intensity profiles of several different areas in Fig. 2 . The electric field profiles shown in Fig. 2(a) to Fig. 2(d) correspond to the highlighted data points shown in Fig. 1(c). Figures 2(a) to 2(c) clearly show that the hot spot at the center is the dominant hot spot, and there is a monotonic increase in the hot spot intensity with area. However, the electric field profile shown in Fig. 2(d) shows the presence of an additional hot spot that is more dominant than the one at the center. The new dominant hot spot is indicated by the arrow in Fig. 2(d) . The intensity drop from 6400nm 2 (80nm x 80nm) to 10,000nm 2 (100nm x 100nm) can, therefore, be explained by the presence of the additional hot spot, which takes energy from the centermost hot spot. We also notice another hot spot appearing and disappearing as the area is increased. This phenomenon can be attributed to the fact that, the addition of the surrounding nanoparticles focuses light to a given hot spot by varying degrees, depending on their specific morphology.
We also study the effect of widening the gap of a hot spot on the electric field intensity by artificially removing metal from the hot spot region, thus reducing the gap size. Figure 3(b) shows the relation between the hot spot intensity and gap size. As expected, the intensity at the centermost hot spot (labeled HS 0 in Fig. 3(a) ) decreases with gap size, due to the decreased coupling between plasmons across the gap. This effect has been reported both theoretically and experimentally in the case of plasmonic nanoparticle pairs [17, 22, 23] . The intensities of the other two hot spots (HS 1 and HS 2 ), however, remain mostly unaffected as the gap size of the central hot spot HS 0 is changed. Fig. 2 . Electric field intensity profiles corresponding to the areas highlighted in Fig. 1(c) .
The monotonic decrease in the hot spot intensity as the gap size is increased shows that there is plasmonic coupling between the islands across the gap. However, the rate of decrease in the intensity is not as high as in the case of nanoparticle dimers [17, 24] , which show an exponential decrease in the electric field intensity when the gap size is increased. Hao and Schatz reported a 10-fold decrease in the electric field intensity with only a 2nm increase in the gap size [17] . Aizpurua et al. showed a 25-30X drop in the electric field intensity when the gap size is changed from 2nm to 10nm [24] . However, in our case, there is only a 2.6X decrease in the intensity when the gap is increased from 2nm to 10nm. Thus, these island-like nanoparticle hot spots are more robust to changes in the gap size than the corresponding spherical or cylindrical nanoparticle geometries. This is due to the significant contribution made by the surrounding metal islands to the hot spot intensity, as shown in Fig. 1 and Fig. 2 . This has important implications on the future design of nanoparticle arrays for optimized plasmonic hot spot applications. It should be noted that widening the gap of a hot spot only changes the plasmonic coupling locally and thus should not affect the surrounding hot spots in any way, if the area of the film (d x d) is held constant, as seen in Fig. 3(b) . In our previous work, the geometries of nanoparticle clusters giving the maximum electric field intensity at the center of the cluster was determined using an iterative optimization algorithm [25] . Here, the surrounding nanoparticles in the cluster focus light on the central hot spot. This previous work, was carried out using 2D FDTD simulations for light incident in the plane of the nanoparticle cluster. More recently, we have carried out full 3D FDTD simulations of nanoparticle clusters under normal incidence illumination. Figure 4 shows the electric field intensity plot for the optimum configuration of a 20-nanoparticle cluster. This nanoparticle configuration was the result of an iterative optimization scheme with respect to 40 dimensions (i.e., x and y positions of 20 nanoparticles). In order to obtain this geometry, we started with a cluster of two nanoparticles and performed the optimization routine for the position of a third nanoparticle. The position of each additional nanoparticle was optimized using this scheme up to a total of 20 nanoparticles each having a diameter of 40nm. Adding more nanoparticles would have increased the computational cost while not providing any further insight into plasmonic optimization, since the resulting geometries were highly symmetric. Additionally, the overall size of this cluster geometry is of the same order as that of the largest film area we used in our simulations. These calculations were performed using 16 processors in parallel, and altogether they took approximately 1700 hours. Despite the relative computational intensity of this calculation, the resulting optimized nanoparticle cluster only produces an integrated electric field intensity, I, of 10 6 at the centermost hot spot. This is more than an order of magnitude smaller than the integrated electric field intensity observed in the randomly-shaped Au island films of comparable size. The main reason for the relatively poor performance of the optimized nanoparticle cluster is that it contains many hot spots, which all compete for energy from the same incident electromagnetic flux. This will be an important consideration in future efforts to design and optimize plasmonic hot spot nanostructures, which has not yet been taken into account. It is likely that more intense hot spots that make more efficient use of the available surface area are possible by considering the focusing effects associated with arbitrary shaped geometries. Again, we would like to point out that the quantity plotted in figure 4 is the electric field intensity, which is different than the integrated intensity, I. 
Conclusions
In conclusion, we have studied the dependence of nanogap "hot spots" in thin plasmonic films on the presence of surrounding nano-islands. FDTD simulations demonstrate that the surrounding film environment contribute significantly to the intensity at the hot spot by focusing energy to it. However, the presence of other dominant hot spots in the surrounding film can take energy away from the central hot spot. We have shown that widening of the gap size causes a decrease in the intensity at the hot spot, while the surrounding hot spots remain unaffected. However, these island-like nanoparticle hot spots are far less sensitive to gap size than nanoparticle dimer geometries. In fact, the main factor in determining the hot spot intensity is the focusing effect of the surrounding nano-islands. In the future design of plasmonic nanostructures, this focusing effect will be an important consideration in producing optimized plasmonic films.
